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The extent and mechanisms of the Atlantic response to the historical (1850-
1975) increase of sulphate aerosol emissions from North America (NA) and
Europe (EU) as simulated in 8-member ensemble experiments with the cou-
pled Community Earth System model (CESM1-CAM5) are contrasted. The
results show that aerosols from either source cause a long-term cooling of North
Atlantic sea-surface temperatures (SSTs), with the patterns a combination
of atmospheric aerosol effects and an aerosol-induced strengthening of the
Atlantic Meridional Overturning Circulation (AMOC). The response to NA
emissions is larger since prevailing winds cause wider aerosol spread over the
Atlantic, collocated with climatological cloud cover. The Inter-Tropical Con-
vergence Zone shifts southward affecting tropical precipitation globally. The
simulated (multi)decadal components of SST and AMOC variability are fur-
thermore primarily externally forced. The analysis provides novel insights
into the mechanisms of aerosol impact on the Atlantic. It suggests that pro-
jected further emission reductions will lead to opposite changes.
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1. Introduction
Low-frequency variations of sea surface temperature (SST) in the North Atlantic, com-
monly referred to as Atlantic Multidecadal Variability (AMV), have a significant impact
on regional and global climate [Christensen et al., 2013] due to their basin-wide spatial
scale and persistence. These include, for example, links with changes of Sahel rainfall
[Knight et al., 2006; Ting et al., 2011], North and South American hydroclimate [Nigam
et al., 2011; Kavvada et al., 2013], and Atlantic Hurricane frequency [Zhang and Delworth,
2006; Dunstone et al., 2013]. Identifying the mechanisms behind North Atlantic SST vari-
ations is both crucial to provide reliable decadal predictions [Smith et al., 2010; Steinman
et al., 2015] and to assess future projections of ocean circulation feedbacks [Rahmstorf
et al., 2015; Swingedouw , 2015].
On the factors driving North Atlantic variability, however, substantial research in the
last decade has brought more controversy than consensus. A key issue are the roles of
internal variability vs. external forcing during the historical period [Knight , 2009; Ting
et al., 2009, 2014], and the extent of their interaction [Tandon and Kushner , 2015]. A
dominant role for external forcing, especially from volcanic eruptions, has for instance
been concluded from models, observations, and last millennium proxies [e.g., Otter˚a et al.,
2010; Knudsen et al., 2014; Wang et al., 2017; Bellomo et al., 2017], but the assessment
is complicated by the short observational record and the complex spatio-temporal nature
of North Atlantic SST variability, making findings controversial.
Another side of the debate are the relative roles of the ocean and the atmosphere – while
a number of studies have emphasized the role of the ocean circulation as the key driver
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of the AMV via density fluctuations associated with the Atlantic Meridional Overturning
Circulation (AMOC) [Delworth et al., 1993; Knight et al., 2005; Marini and Frankignoul ,
2014; Zhang et al., 2016; Zhang , 2017], other studies have proposed changes in atmospheric
circulation, including stochastic forcing [Clement et al., 2015, 2016] or variability of the
North Atlantic Oscillation (NAO) [Gulev et al., 2013], to drive North Atlantic SST vari-
ations through air-sea interactions, or both on different time scales [Bjerknes , 1964]. An
important contribution from the AMOC and/or the NAO [Delworth et al., 2017], however,
does not necessarily exclude a key role for external forcing, since they might themselves
be impacted by forcing [Stenchikov et al., 2009; Ding et al., 2014]. Tandon and Kushner
[2015], for instance, showed that a forced and an unforced component of the AMV [also
Ba et al., 2014] coexist in a range of CMIP5 models.
The role of anthropogenic aerosols, and sulphate in particular, in modulating North
Atlantic SST variability during the twentieth century are especially debated. Booth et al.
[2012] argued that the AMV during the instrumental period was primarily driven by
aerosols, with an imprint also on Atlantic atmospheric variability [Dunstone et al., 2013].
However, Zhang et al. [2013] subsequently pointed out discrepancies in the simulated
subsurface fields and ocean circulation, questioning the realism of the aerosol dominance
inferred from the model. More recently, however, most of the SST variance over the
Atlantic was found to be radiatively forced also in other models [Bellomo et al., 2017;
Murphy et al., 2017], with a distinct contribution of anthropogenic aerosols on both tem-
poral and spatial variability. Note that aerosol impact on SSTs elsewhere, possibly in-
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cluding decadal ENSO variability, has also been suggested [e.g., Sutton and Hodson, 2007;
Westervelt et al., 2018].
In addition to the studies focussing on the AMV, others found a longer-term impact
of anthropogenic aerosols on downward surface solar radiation over the Atlantic and con-
sequently SSTs [Dallafior et al., 2015], affecting the inter-hemispheric SST gradient and
thereby causing a shift of the Atlantic Inter-Tropical Convergence Zone (ITCZ) [e.g.,
Chang et al., 2011; Hwang et al., 2013]. Long-term anthropogenic aerosol forcing has
furthermore been suggested to have strengthened the AMOC [Delworth and Dixon, 2006;
Cowan and Cai , 2013; Menary et al., 2013] and to have delayed ocean heat content in-
crease and associated sea level rise in response to GHGs [e.g., Delworth et al., 2005] during
the twentieth century. The more recent reduction in North American and European an-
thropogenic aerosol emissions, on the other hand, can be linked to a slowdown of the
AMOC by warming the Arctic and inducing sea ice melt [Se´vellec et al., 2017; Acosta
Navarro et al., 2016; Wang et al., 2018].
In summary, a growing body of evidence indicates that aerosol-atmosphere-ocean in-
teractions play a role in driving North Atlantic surface and subsurface multidecadal and
longer-scale variability, but the detailed mechanisms are still poorly understood. Global
aerosol emissions, in particular of the sulphate aerosol precursor sulphur dioxide (SO2),
were for most of the twentieth century dominated by sources in North America (NA)
and Europe (EU) [Lamarque et al., 2010; Hoesly et al., 2017]. While emissions from both
regions increased up to the 1970s and decreased rapidly thereafter in response to air pollu-
tion control policies, their relative impact and physical mechanisms thereof may not have
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been the same [Shindell and Faluvegi , 2009; Westervelt et al., 2018; Wang et al., 2015].
Addressing this question promises an improved mechanistic understanding of the Atlantic
response to external -not only aerosol- forcing, with benefits for resolving conflicting find-
ings and implications for regional climate projections and policy decisions.
We thus explore the sensitivity of Atlantic climate to historical changes in SO2 emissions
from NA and EU separately in a state-of-the-art coupled model, the National Center for
Atmospheric Research (NCAR) Community Earth System Model (CESM1) with a com-
prehensive aerosol scheme [Meehl et al., 2013; Ekman, 2014]. We use a set of purposefully-
designed historical experiments whose ensemble size of 8, larger than typically employed
in CMIP5, is expected to benefit the identification of the common forced signal given
internal variability [e.g., Knight , 2009].
In the remainder of the manuscript, the model data and methods are briefly described
(Section 2); the observed and simulated AMV are compared, the impacts of SO2 emissions
from NA and EU on simulated Atlantic SST variations identified, and relevant physical
mechanisms analyzed (Section 3); and finally the results discussed and conclusions drawn
(Section 4).
2. Data and Methods
2.1. Model Description and Experiment Set-up
We use the coupled NCAR/NSF-DoE Community Earth System Model (CESM1) ver-
sion 1.2.2 [Hurrell et al., 2013] with a horizontal atmospheric and oceanic resolution of
1.9◦x2.5◦ and 0.6◦x0.9◦, respectively (more detail in Text S1). The atmospheric compo-
nent is the Community Atmosphere Model version 5.3 (CAM5) [Neale et al., 2012], which
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includes a 3-modal online tropospheric aerosol model (MAM3) with prognostic represen-
tations of both indirect aerosol effects [Ghan et al., 2012; Meehl et al., 2013].
Three sets of experiments covering the period 1850-1980 are used, each an ensemble of
8 members initialized from a 200-year pre-industrial (1850) control simulation (Fig. S1).
The first experiment (ALL) is forced with time-varying historical estimates of GHG con-
centrations, volcanic aerosols, solar irradiance, land use, and anthropogenic and biomass
burning aerosol emissions developed for CMIP5 [Taylor et al., 2012] and should reproduce
the observed climate best. The other experiments differ from ALL in that the SO2 and
SO4 emissions from the anthropogenic sectors of energy, industry, domestic, transport,
agriculture, and waste are kept at their pre-industrial level over either North America
(noNA experiment) or over Europe (noEU experiment). The respective regions used are
based on the Tier 1 regions from the Hemispheric Transport of Air Pollution 2 experiments
[Koffi et al., 2016], similar to Bellouin et al. [2016].
2.2. Observations
Two observational SST datasets are used: NOAA’s Extended Reconstructed Sea Sur-
face Temperature v4 [ERSST4; Huang et al., 2015a] and the Met Office Hadley Centre’s
HadSST.3.1.1.0 [HadSST3; Kennedy et al., 2011a]. HadSST3 consists of an ensemble of
100 realizations accounting for uncertainty due to possible pervasive low frequency biases,
but not including other types of uncertainty [Kennedy et al., 2011b]. ERSST4 is infilled
to give full data coverage [Huang et al., 2015b].
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2.3. Methods
Area-mean, annual-mean time series are computed from monthly data, and smoothed by
taking 5-year running means to suppress inter-annual variability. The spatial patterns of
aerosol impact are analyzed using least-square linear trends during 1850-1975. Despite its
simplicity, this approximation is adequate given the near-linear increase in SO2 emissions
from both NA and EU (Fig. S2) and correspondingly near-linear changes in global and
regional sulphate loading, aerosol optical depth (AOD), radiative fluxes and temperature
(not shown). The difference in the ensemble-mean response between ALL and noNA or
ALL and noEU is interpreted as the impact of SO2 emissions from NA or EU, respectively,
and its significance measured by a two-tailed Students t-test at the 95% confidence level.
We calculate the AMV by regridding and masking the monthly model data to the ob-
servational (HadSST3) resolution and coverage, respectively; calculating monthly SST
anomalies with respect to the 1854-1980 climatology; applying a 10-year low-pass (Lanc-
zos) filter; removing the long-term linear trend; and averaging across the North Atlantic
(0-65◦N,0-80◦W, area-weighted) as in Bellomo et al. [2017] and similar to e.g. Knight et al.
[2005]. The AMOC index as a function of latitude is calculated from the model’s MOC
output -the net volumetric rate of water transported northwards- in the Atlantic-Arctic
ocean at its maximum at any depth [Medhaug and Furevik , 2011; Tandon and Kushner ,
2015].
3. Results
3.1. North Atlantic Sea Surface Temperatures
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The ALL ensemble reproduces the observed AMV well, although it slightly underes-
timates the observed differences between the 1910/1920 and 1970 cool periods and the
warmer period in between (Fig. 1a). Note that the AMV resembles strongly the area-
mean SST anomalies due to the lack of a large trend during this period [Fig. S3; Tandon
and Kushner , 2015], and shares variability with the rest of the global ocean (Figs. S4,
S5). The simulated AMV correlates significantly with the observed AMV, with a corre-
lation coefficient of c=0.52 (0.32-0.72 for the 90% ensemble range) in the ALL ensemble.
The AMV has the same multi-decadal variations in all 24 simulations (visually from the
ensemble envelopes in Fig. 1a), which indicates that it is dominated by external forcing
in this model. If we further decompose the simulated AMV into the forced component ap-
proximated by the ensemble mean, and the internal variability component approximated
by the residual after subtracting the ensemble mean, we find that the forced component
is to a high degree correlated with the observations (c=0.69), the internal variability is
not (c=0.02 (-0.31-0.34)). The forced component is thus detected in the observed AMV
over internal variability.
The simulated response to all forcings except NA or EU emissions are also detected in
the observations, with similar correlation coefficients (Fig. S6). While deciphering the
external drivers of the AMV is thus not conclusively possible with our experiment set-up,
the simulations do suggest a combination of factors. This includes a role for NA and EU
SO2 emissions -do note the similarity between the multi-decadal variability of Atlantic
SSTs and of emissions around the long-term trend (Fig. S2)- amongst other, for instance
volcanic (Fig. S7), forcings.
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Comparison between ALL and the regional-aerosol ensembles shows that anthropogenic
SO2 emissions from NA and EU, while not significantly affecting the “phasing” of the
simulated AMV, cause a steady long-term cooling of North Atlantic SSTs (Fig. 1b-e).
The impact of NA emissions on basin-wide SSTs during 1850-1975 (≈ 0.25 K) is found to
be larger than that of EU emissions (≈ 0.15 K) despite their similar historical emissions
with around 40% global share each (Fig. S2) and their similar cooling of SSTs outside
the Atlantic (< 0.1 K) (Figs. 1b-c, S3, S8). Note that this is similar for sub-surface ocean
temperatures, with a decrease in simulated upper-ocean heat content in the Atlantic and
elsewhere (Fig. S3).
In lower latitudes (0-40N◦), the spatial patterns of the long-term Atlantic SST response
to NA and EU SO2 emissions both show a cooling off the European and African west
coast and across the subtropical North Atlantic and a cooling off the US-American East
Coast (Fig. 1d-e). They also both show no cooling over the subpolar gyre (around
30◦W,50◦N) i.e. have a “cooling hole” which is symmetric to the observed “warming
hole” [e.g., Drijfhout et al., 2012], and no cooling (insignificant warming) in the tropical
South Atlantic. Apart from these similarities, however, the patterns differ substantially:
NA emissions cause strong cooling along the mid latitude storm track, spreading over most
of the North Atlantic, while EU emissions cause a less widespread cooling concentrated
along the African coast.
3.2. Atmospheric Aerosol Effects
A linear-trend analysis of aerosol content, cloud fraction, and radiative fluxes sheds light
on the atmospheric component of the mechanism generating the SST changes discussed
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above. The increased NA and EU SO2 emissions result in increased sulphate loading
over the North Atlantic, manifest in increased (total) AOD, with the spatial patterns
largely explained by climatological circulation (Fig. 2a-b): NA aerosols are advected
over the Atlantic by mid-latitude storm tracks, while EU aerosols are transported into
the sub-tropical Atlantic by trade winds. The decrease in clear-sky short-wave radiation
over the same areas shows the direct effect (scattering) of sulphate aerosols (Fig. 2c-
d). An increase in cloud droplet number concentration and cloud fraction over areas of
large climatological cloud cover off the North American coast and in the North Atlantic
strato-cumulus cloud deck (Figs. S9, S10) show aerosol-cloud interactions (ACIs), which
contribute substantially to the change in all-sky short-wave radiation (Figs. 2e-f, S11).
This suggests that the simulated Atlantic SST response is larger for NA than for EU
emissions because the prevailing winds transport NA aerosols more effectively over the
Atlantic, and moreover to regions with more climatological cloud cover. Note also that
significant changes in sea salt and dust aerosols over the North and tropical South Atlantic
(Fig. S12) suggest the possibility of still largely unexplored feedbacks between anthro-
pogenic aerosols, climate, and natural aerosols [Wang et al., 2012; Martin et al., 2014;
Allen et al., 2015; Yuan et al., 2016]; the increased dust burden over the equatorial north
Atlantic, for instance, might induce an ITCZ shift opposite to that found in response to
NA and EU emissions [Pan et al., 2018].
3.3. AMOC
Potential interactions between simulated North Atlantic SSTs, large-scale ocean circu-
lation, and sulphate aerosols -as for example suggested by the simulated aerosol-induced
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cooling east of the Grand Banks (Figs. 1c-d, S3), thought of as a key region for the
North Atlantic ocean circulation [Buckley and Marshall , 2016]- are investigated by means
of the AMOC. The simulated AMOC shows pronounced multi-decadal variability, with a
strengthening until about 1920, a weakening until around 1950, and again a strengthen-
ing thereafter (Fig. 3a). As for the AMV (Section 3.1), this phasing is the same in all
24 simulations, indicating that a large fraction of the AMOC is externally forced in the
model rather than due to internal variability.
Earlier research suggests this external forcing to be mediated by the AMV, with cool
and warm Atlantic SSTs causing an AMOC strengthening and weakening, respectively
[e.g., Zhang and Wang , 2013; Tandon and Kushner , 2015]. This is because cooler SSTs
over the high-latitude North Atlantic imply an increased ocean density in the upper layers
which reduces stability in the water column, encourages convection, and strengthens the
thermohaline circulation [e.g., Delworth and Dixon, 2006]. Comparison with the AMV
index (Fig. 1) suggests indeed a lagged anti-correlation between the either simulated or
observed AMV and the simulated AMOC. This is confirmed by a lead-lag analysis (Fig.
S13), which shows the ensemble-mean, i.e. forced, component of AMV and AMOC in
all historical experiments to be anti-correlated with an AMV lead by 10 years (or an
AMOC lead by 30 years, which we discard for physical reasons). In the unforced case,
the AMOC drives the AMV near zero lag, and both mechanisms are superposed in the
historical simulations. The AMV seems thus also here to mediate the external forcing of
the AMOC. While the NAO [Hurrell , 1995] might play a role in linking the AMV with
the AMOC at decadal or longer time scales [Mignot and Frankignoul , 2005; Delworth
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and Zeng , 2016; Iles and Hegerl , 2017], our simulations do not show a long-term change
or significant response to the sulphate aerosol forcing in the NAO (Fig. S14), which
is unsurprising given that the connection is known to be commonly underestimated in
current models [Eade et al., 2014].
As with the AMV, attributing the external forcing of the multi-decadal AMOC variabil-
ity to a specific forcing agent is not conclusively possible with our experiment design. SO2
emissions from NA and EU together, however, are suggested to be the dominant driver
of the AMOC strengthening before 1920 (purple line in Fig. 3a). Regarding longer-term
changes, SO2 emissions from NA and EU separately have a discernible impact: From
1900 onwards, the AMOC index is persistently higher by about 2.5% when either NA or
EU SO2 emissions are included (Fig. 3a), at all depths and latitudes up to about 55
◦N
(Fig. 3b). The associated increase in northward ocean heat transport will compensate
for some of the radiative cooling over the Atlantic (Fig. 2). This means that magnitude
and pattern of the long-term SST responses to SO2 emissions from NA and EU described
above (Fig. 1b-e) are a combination of atmospheric forcing and ocean feedback.
3.4. Large-Scale Atmospheric Adjustment and Impact on Global Precipitation
The simulations show a temperature response to NA and EU emissions not only over
the Atlantic, but far downstream of the respective emission regions across most of the
northern hemisphere (NH) (Figs. 1b, S8). The inter-hemispheric temperature contrast
is thereby steadily decreased throughout the twentieth century (Fig. 4a). This is also
relevant for the Atlantic region in that it causes an enhancement of the southern flank
of the ITCZ and thus its de facto southward shift [e.g., Allen et al., 2015b; Westervelt
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et al., 2017; Undorf et al., 2018a, b]. Note that this response again includes a partial
compensation from the AMOC feedback [Fig. 3; Dong and Sutton, 2005; Marshall et al.,
2014].
The ITCZ shift is visible in equator-symmetric changes in cloud fraction, water vapour,
precipitation, and radiative fluxes (Figs. 2e-h, S9, S10, S11). The resulting negative and
positive fluxes north and south of the equator, respectively, (Fig. 2i-j) can be considered a
positive feedback to the Atlantic and NH cooling [e.g., Clark et al., 2018]. The simulated
global precipitation response is dominated by this ITCZ shift, showing a prominent change
of tropical rainfall pattern in all ocean basins which is remarkably similar for NA and EU
emissions (Figs. 4b-c, S11).
4. Summary, Discussion and Conclusions
The Atlantic climate responses to historical (1850-1975) sulphate aerosols from North
America (NA) and Europe (EU) have been contrasted in a coupled climate model by
comparing transient 8-member ensemble simulations with either all forcings evolving his-
torically or anthropogenic SO2 emissions from NA and EU separately kept at pre-industrial
levels. The study was motivated by existing literature suggesting a role for anthropogenic
aerosols in past multi-decadal variability of Atlantic SSTs which affects climate world-
wide, and a knowledge gap concerning the relative roles of NA and EU emissions despite
its relevance for policy applications.
In summary, we find that sulphate aerosols from either source cause a long-term cooling
of North Atlantic SSTs, with the patterns a combination of atmospheric aerosol effects
and an aerosol-induced strengthening of the AMOC. The response is larger for NA than
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for EU emissions, with stronger indirect aerosol effects due to a wider aerosol spread
over the Atlantic and collocation with climatological cloud cover. A southward shift of
the ITCZ, affecting tropical precipitation globally, and causing a small positive feedback
to the North Atlantic cooling, is also found. The (multi)decadal variability components
of Atlantic SSTs, i.e. the AMV, and of the AMOC are both found to be primarily
externally forced, possibly by a combination of forcings factors including NA and EU
sulphate aerosols. The forced component of the AMV is detected in observations over
internal variability.
The external forcing of the model’s AMV and the lead-lag relationships between its
AMV and AMOC shows that earlier findings [Murphy et al., 2017; Bellomo et al., 2017;
Tandon and Kushner , 2015] hold also for simulations initialized from different ocean
states. The consequential small role allowed for internal ocean variability in explaining
AMOC variations given external forcings -historical and prospective- has received little
attention in the literature so far. In showing that NA and EU emissions impact the
simulated historical AMOC to similar amounts, we furthermore extend the results of
Cowan and Cai [2013]. The simulated “cooling hole” (Section 3.1) in response to NA
and EU SO2 emissions suggests furthermore the observed “warming hole” [e.g., Drijfhout
et al., 2012] not to be aerosol driven, but due to the AMOC feedback, which seems to
mute aerosol cooling as it mutes GHG warming.
Our findings rely on the model’s representation of many complex and highly uncertain
processes that may vary between models. We cannot test the historical forcing of the
AMOC due to the lack of observations [Srokosz et al., 2012; Munoz et al., 2011], but the
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simulated (1920-1980) AMOC variations are consistent with the CMIP5 MMM [Tandon
and Kushner , 2015], and the simulations capture for example historical observations of
sub-polar sea surface salinity [Fig. S15; Friedman et al., 2017] in addition to Atlantic and
global SSTs.
Inter-model differences in the atmospheric response arise from pre-industrial aerosol
loading, historical SO2 spread, and especially the parametrisation of ACIs [e.g., Wilcox
et al., 2015]. The model’s aerosol net total effective radiative forcing and its climate
sensitivity are amongst the largest across a range of CMIP5 models, but not exceptional
[Zelinka et al., 2014; Meehl et al., 2013; Forster et al., 2013]. On the other hand, CESM1
seems to underestimate the observed SST variability over the Atlantic (Fig. 1a), which
could either imply internal variability not captured by the model, or, given the temporal
covaration of the forced (ensemble-mean) signal and the observations, an underestimation
of the forced response. Since some of the forced response is from (both anthropogenic
and volcanic) aerosols [Section 3.1; Booth et al., 2012], this could further suggest that
the model underestimates the response to aerosols. Lower or higher aerosol forcing may
result in decreased and increased, respectively, absolute values of SST cooling compared
to those found here.
Modelling uncertainties in the ratio between ARIs and ACIs might furthermore affect
the attribution of Atlantic SST cooling to NA vs. EU emissions. Compared to other
CMIP5 models, CESM1 has large aerosol indirect forcing concurrent with low direct
aerosol forcing [Zelinka et al., 2014]; note, however, that NA emissions cause larger ra-
diative flux changes even in clear-sky short-wave radiation which is primarily a result of
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the direct aerosol effect (Fig. 2c-d). The larger response of the ITCZ to NA than to
EU emissions found here (Fig. S11) was also found in two other models in addition to
CESM1 by Westervelt et al. [2018] for the precipitation response to a removal of present-
day SO2 emissions in time-slice experiments. Judging from their projected 21st century
shifts [Allen, 2015], other CMIP5 models which also represent both aerosol indirect effects
are expected to simulate even larger historical changes in the ITCZ.
To conclude, this study sheds light on the contribution of regional aerosol emissions
from NA and EU to the changes in North Atlantic SSTs during the industrial period,
providing insights of the associated physical mechanisms including the large-scale atmo-
sphere and ocean circulation. The findings are not only relevant for projections of future
change related to a continued decline of SO2 emissions [Vuuren et al., 2011; Westervelt
et al., 2017], but also for the mechanistic understanding of the role of forcing in Atlantic
variability and as such for future projections related to other forcing agents.
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Figure 1. Atlantic sea surface temperatures (SSTs): (a) Observed and simulated Atlantic Multi-
decadal Variability (AMV) and (b-e) simulated SST change due to regional SO2 emissions. (a) AMV
from observations ERSST4 (dashed black) and HadSST3 (solid black, with shading for the 90% range
of the 100 realizations) and from the all-forcing simulations with global SO2 emissions (ALL; ensemble-
mean (white) with grey shading for the 90% range of the 8-member ensemble) and without anthropogenic
European (noEU; blue line and shading) and North American (noNA; red line and shading) emissions.
In (b-c), differences between ALL and noEU (light blue line and shading) and ALL and noNA (orange
line and shading) in area-averaged SSTs over (b) every but the North Atlantic and (c) the North Atlantic
are shown. In (d-e), differences in the linear trends during 1850-1975 between ALL and (d) noEU and
(e) noNA are shown, with stippling for significance at the 5% level and numbers in the top left corner
for the fraction of stippled points within the displayed area.
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Figure 2. Simulated aerosol effects over the Atlantic: Linear trends as in Fig. 1(d-e), but
for (a,b) AOD, and net (c,d) clear-sky short-wave (FSNTC), (e,f) all-sky short-wave (FSNT),
(g,h) clear-sky total (FSNTC-FLNTC), and (i,j) all-sky total (FSNT-FLNT) radiation at the
top of the model. In (a,b), purple arrows indicate the climatological wind near 850 hPa from the
pre-industrial control run.
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Figure 3. Simulated Atlantic Meridional Overturning Circulation (AMOC): (a) Annual-mean
AMOC index (maximum AMOC at any depth) at 29.8◦N. Colors and shading as in Fig. 1(a)
except the AMOC response to the combined forcing of GHG, natural, and aerosols other than
from NA and EU SO2 emissions is also shown as approximated from arithmetically combining the
ensemble-mean AMOC indices (purple). (b-c) Difference in the 1850-1979-mean AMOC between
ALL and (b) noEU and (c) noNA. Stippling as in Fig. 1(d-e).
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Figure 4. Simulated large-scale atmospheric circulation changes: (a) Time series of SST
anomalies as in Figs. 1(a-b), but for inter-hemispheric SST difference, and (b-c) linear trends as
in Fig. 1(d-e), but for precipitation.
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